During mitosis, cells undergo massive deformation and reorganization, impacting on all cellular structures. Mitochondria, in particular, are highly dynamic organelles, which constantly undergo events of fission, fusion and cytoskeleton-based transport. This plasticity ensures the proper distribution of the metabolism, and the proper inheritance of functional organelles. During cell cycle, mitochondria undergo dramatic changes in distribution. In this review, we focus on the dynamic events that target mitochondria during mitosis. We describe how the cell-cycle-dependent microtubule-associated protein centromeric protein F (Cenp-F) is recruited to mitochondria by the mitochondrial Rho GTPase (Miro) to promote mitochondrial transport and re-distribution following cell division.
Introduction
Eukaryotic cell division has been studied since the midnineteenth century. One fascinating aspect is the high-fidelity apportionment of the genetic material into both daughter cells. This process uses a well-characterized machinery -the microtubule mitotic spindle, as well as specialized structures to connect the chromosomes to microtubulesthe kinetochore-centromere complex.
What happens to the rest of the cell during mitosis, in particular, the fate of its cytoplasmic content has received less attention. Most organelles cannot be generated de novo, and can only be grown from seed structures. Yet, at first sight, it seems that mechanisms to ensure the proper apportionment of organelles during mitosis are not really necessary. Chance may be sufficient to distribute seed organelles in both daughter cells, without the fidelity that is required for the genetic material. As we will see, the picture is more complicated than that. Mitosis is accompanied by drastic morphological changes in the cell, and the whole cytoplasm has to reorganize to meet these changes. Mechanisms exist to ensure the proper reorganization of the organelles in the daughter cells during mitosis [1] .
In this review we focus on recent progresses that show how mitochondrial dynamics is linked to the cell cycle, and ensures proper function during and after mitosis.
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senescence. Mitochondria form a network whose morphology is complex and highly diverse.
The shape of the mitochondrial network is dependent on a balance between three integrated processes; 1-fission -the ability of one mitochondrion to divide, 2-fusion -the merging of two separate mitochondria to form only one and 3-motility -the active transport of mitochondria along the cytoskeleton.
Back in the late forties, E.G. Christiansen described alteration in mitochondrial network during cell-cycle progression and mitosis ( Figure 1A ) [2] . In interphase cells, the mitochondria are arranged in elongated tubules whereas in mitosis, the network is fragmented ( Figure 1B) . At the exit of mitosis and initiation of cytokinesis, the mitochondria tubules merge again to reform an interconnected network [3] that is distributed across the cell [4, 5] .
Mitochondrial fusion and fission during mitosis
The process of mitochondria division is mediated by the highly conserved dynamin-related GTPase DRP1 (dynaminrelated protein 1). Adaptors for DRP1 reside on the outer mitochondrial membrane (OMM) and recruit DRP1 to the mitochondria. DRP1 forms a homo-multimeric ring that wraps around the mitochondrion and performs cleavage upon GTP hydrolysis [6] .
While entering mitosis, DRP1 is activated by phosphorylation. The activation is mediated by two mitotic kinases: Aurora A and cyclin B-cyclin-dependent kinase (CDK)1 [3, 7] . Besides phosphorylation, DRP1 can be modulated by another type of post-translational modification. The mitochondrial SUMO ligase MAPL (mitochondria-anchored protein ligase) targets DRP1 in interphase [8] . During mitosis, however, the SUMO protease SenP5 is recruited to mitochondria and de-SUMOylates DRP1 [9] , increasing its activity and thus participating in the mitotic fragmentation of the mitochondrial network. Following cytokinesis, the formation of the interphase mitochondrial network is restored partially by inhibition of the mitochondria fission machinery. For example, during G1, DRP1 is ubiquitylated by APC/CCdh1 and submitted to proteasomal degradation [10] .
Fusion participates as much as fission in determining the morphology of the mitochondrial network. Whether there is a cell-cycle-dependent regulation of mitochondria fusion is yet to be studied. However, one study shows that, in mitosis the mitochondrial fusion protein mitofusin (MFN)1 and MFN2 are undergoing Ubiquitin-dependent proteasomal degradation [11] .
Thus, mammalian cells possess a large repertoire of different regulatory factors to modulate mitochondrial fusion and fission during cell division.
The mitochondrial transport machinery
Mitochondrial transport is an important aspect of mitochondrial dynamics. Does it play an important role during mitosis? At first glance, symmetrically dividing cells do not appear to require active mitochondrial transport, as chance alone might bring enough mitochondria in both daughter cells to ensure viability.
On the contrary, polarized cells, such as the budding yeast Saccharomyces cerevisiae, require active mitochondrial transport to the bud, and are therefore an attractive model system to study the mechanisms involved in mitochondria distribution and segregation during mitosis. The inheritance of mitochondrial content to the bud is a highly regulated and monitored process. During bud growth, there is a perfect linear relationship between bud size and the volume of mitochondria transported to the bud [12] .
In yeast, mitochondrial transport is associated with actin cytoskeleton. The major actin dynamics regulator actinrelated protein (Arp)2/3 localizes to mitochondria [13, 14] . Moreover, mitochondria are actively transported by the actinmotor protein myosin 2 (Myo2) [15] . Two specific Myo2 adaptors are involved in mitochondrial transport, the outermembrane Myo2 receptor Mmr1 and the Rab GTPase yeast protein two 11 (Ypt11). Mitochondria inheritance to the bud is impaired by the deletion of both factors [16] . Thus, proper mitochondria inheritance relies on actin motor proteins and on their adaptors. Yet, to sustain healthy development of cellular lineage, the rate and quantity of mitochondria moving to the bud or staying in the mother cell need to be monitored. Although the general regulatory systems controlling mitochondria trafficking are not completely known, mechanisms which are unique to the mother cell are shown to keep the mitochondria by anchoring them to the mother cell cortex [17, 18] .
In contrary to budding yeast, mitochondrial transport in dividing higher eukaryotic cells is little studied. The exploration of mitochondria transport in mammalian cells has instead been focused on post-mitotic cells, such as neurons. Neurons are highly polarized cells with dendrites and a thin long axon where the trafficking of mitochondria is essential and perhaps more ordered than in other cells. One of the reasons for preferring neuron cell as a model for studying mitochondria trafficking comes from the fact that mitochondrial movements are easy to track in live neurons; in axons and dendrites, the mitochondria are more spread and move for longer distance than in other cell types [19, 20] .
In higher eukaryotes mitochondria move along the cytoskeleton. But while mitochondria motility is associated with the actin cytoskeleton in budding yeast, it is mainly associated with microtubules in higher eukaryotes. This motility relies on motor proteins; mitochondria anterograde movements (transport towards the microtubule plus-end) are governed by kinesins, whereas retrograde movements (transport towards the microtubule minus-end) are governed by dynein [21, 22] . The kinesin-family 5b (Kif5B) localizes to mitochondria in vivo and transport of mitochondria can be reconstituted in vitro on stabilized microtubules by adding recombinant purified Kif5B. Thus, kinesin can generate forces to transport mitochondria [23] .
The Miro GTPases, mechanism and function
The binding of organelles to molecular motors and cytoskeletal structures is mediated by specific adaptors. The discovery of mitochondria-specific adaptors which link the organelle to the microtubules was a milestone towards understanding the mechanism and function of mitochondria motility in higher eukaryotes. The initial 'kick-starter' came from a Drosophila mutant screen for blind flies, which identified the protein Milton. Milton mutants are blind because the axons of their photoreceptor neurons are devoid of mitochondria [24] . Milton binds kinesin directly, and associates with mitochondria via the OMM Rho GTPase Miro. In mammals, two Miro paralogues -Miro1 and Miro2 -interact with two Milton orthologues -the trafficking kinesin-binding proteins TRAK1 and TRAK2 (also known as OIP106 and GRIF1 respectively) [25] [26] [27] .
Miro is highly conserved throughout eukaryotes [28] . The protein is anchored to the OMM by its C-terminal tail-anchor transmembrane domain, whereas the rest of the protein is exposed to the cytosol. The cytosolic domain of Miro consists of two GTPase domains flanking two calcium-binding EFhands (Figure 2A ). An X-ray structure of a Drosophila Miro containing both EF-hands and the C-terminal GTPase (cGTPase) domain shows high structure similarity to the cGTPase domain of the Rheb GTPase, a subfamily of RAS [29] .
That a protein containing two GTPase and two calciumbinding domains regulates mitochondrial transport suggests that complex signals can be integrated to fine tune mitochondrial transport. Classical GTPases alternate between GTPand GDP-bound conformations through cycles of nucleotide hydrolysis and exchange, usually catalysed by GTPaseactivating proteins and guanine-nucleotide exchange factors (GAPs and GEFs) respectively [30] . Although endogenous GAPs and GEFs for Miro are still to be found, human Miro GTP hydrolysis activity increases upon interaction with the exogenous GAP VopE [31] , a Vibrio cholerae Type 3 secretion system effector which localizes to mitochondria upon infection.
Another Of note, Miro is conserved in yeast, which is surprising given that mitochondrial transport mechanisms are very different, that TRAK proteins are not conserved, and that yeast Miro appears to have a specific role at ER-mitochondria contact sites [33] [34] [35] . Yet, deletion of yeast Miro shows a synthetic growth defect with MMR1 and YPT11 mutants, indicating that it could play a role in mitochondrial transport as well [36] .
Mitochondrial transport during mitosis
Mitochondria are heavily transported during mitosis to accompany the huge cytoplasmic remodelling events that are associated with mitosis. Indeed, while mitochondria congress towards the division plane from anaphase to early cytokinesis, presumably to deliver ATP for the contraction of the actomyosin ring [5] , in late cytokinesis/early G 1 , mitochondria are transported away from the division plane and spread towards the periphery of the two daughter cells [4] . This latter phenomenon is dependent on Miro's interaction with a cell-cycle-specific cytoskeletal adaptor, the centromeric protein F (Cenp-F). Cenp-F is a large microtubule-binding protein that mostly consists of coiled coils, as well as of binding sites for various cargo and motor protein adaptors ( Figure 2B ). Cenp-F is recruited to mitochondria by Miro in a regulated fashion, at the end of cytokinesis [4] . Failure to recruit Cenp-F to mitochondria causes mitochondria to stay clumped in the perinuclear region of the two daughter cells. Thus Miro-dependent recruitment of Cenp-F is necessary for mitochondrial transport towards the periphery. Because of the polarity of microtubules, this represents a defect in anterograde movement. Cenp-F has been discovered several decades ago, and shown to be present at the kinetochore from metaphase to telophase (hence the name 'centromeric protein') [37, 38] . At the kinetochore, Cenp-F binds to proteins involved in dynein-driven transport [39] [40] [41] (Figure 2B ). Dynein being a retrograde-directed motor, it appears that Cenp-F works differently for mitochondria than it does for kinetochores.
How does then Cenp-F promote anterograde mitochondrial movement at the end of mitosis? Two interesting observations might help answer this question. First, Cenp-F associates with growing microtubules. In particular, Cenp-F appears to connect mitochondria to polymerizing tips of microtubules, and mitochondria can 'track' growing microtubule tips over distances of a few micrometers in a Cenp-F-dependent manner [4] . The second observation relates to Cenp-F function at the kinetochore. Cenp-F associates with depolymerizing microtubules in vitro and can transmit forces generated by microtubule shrinking to a surrogate cargo, with no help from any ATP-hydrolysing molecular motor [42] . Whether a similar mechanism is operational on microtubule-driven mitochondrial transport has yet to be determined. But considering that Cenp-F associates with shrinking microtubules during anaphase -a time when the kinetochore-associated spindle microtubules depolymerize to allow chromosome separation -, and with growing microtubules in early G1 -a time when the astral microtubule networks grow intensely to reconstitute the interphase microtubule network -, it makes sense that Cenp-F could be involved in anterograde or retrograde transport events depending on the context and on the cargo ( Figure 2C ).
Mitochondria and mitosis -mechanism and function
Cell cycle has a profound impact on mitochondrial activity. In addition to fission (see above), mitochondrial protein import [43] , and mitochondrial respiratory complexes [44] are regulated by kinases during mitosis, to meet the increased energy demand.
We have, until now, focused our review on the mechanical aspects of mitochondrial dynamics during cell cycle, but what about its physiological role?
One function of mitochondrial transport and dynamics is to position the ATP source where it is most needed. This argument is very strong for long neurons, where energy might be needed everywhere from the dendritic spines to the synaptic terminals [45] . It is however much weaker for mitotic cells, which have a much more compact morphology, and in which ATP diffusion from one place to another may not be a limiting factor. Yet, artificially targeting of ATPgenerating enzymes like the adenylate kinase close to specific ATP-demanding cytosolic locations appears to matter, even in compact dividing cells [46] . Thus steering mitochondria close to ATP demanding sites during mitosis (e.g. the actomyosin ring [5] ) might be physiologically relevant.
Mitochondrial distribution during mitosis might however, play an important role during asymmetric cell division in stem cells [47] . Progenitors stem cells undergo asymmetric division to give rise to one daughter cell that retains stemness, therefore maintaining the renewing capacity of the tissue, and one daughter cell that will generate differentiated adult cells. In mammary gland progenitor cells, mitochondria containing newly synthesized proteins ('young mitochondria') or mitochondria containing proteins which were synthesized at an earlier stage ('old mitochondria') are differentially distributed. 'Old mitochondria' show an increased propensity to segregate into the differentiating daughter, whereas 'young mitochondria' tend to segregate into the stem daughter cell. This sorting correlates with an increased propensity of the 'old mitochondria' to remain in the perinuclear region, whereas 'young mitochondria' tend to be distributed more evenly in the cytoplasm of progenitor stem cells, prior to asymmetric division. Silencing mitochondrial fission factors abrogates this selective sorting of 'old' and 'new' mitochondria, which leads to defects in the stemness maintenance. This phenomenon emphasizes the importance of mitochondria distribution on cell fate. It is yet unknown how molecular mechanisms lead to the recognition of the different mitochondrial protein composition and to the translation of this information into an active sorting and distribution of mitochondria to the desired daughter cell [47] . It is also unknown if, other mitochondrial components, besides proteins, are actively sorted. Multiple alleles of the mitochondrial genome can coexist in a single cell, a condition known as heteroplasmy, but some alleles appear to be more efficiently transmitted to daughter cells, specially in the germ line [48] . The mechanisms leading to this selection, and whether they involve mitochondrial dynamics, are unknown.
The overall mitochondrial network organization is dependent on fission, fusion and motility. These activities govern the overall connectedness, shape and location of mitochondria within cells, and thus influence both organelle and cellular function. 
References

